Abstract: Deep-water sand wave fields in the San Juan Archipelago of the Salish Sea and Pacific Northwest Washington, USA, have been found to harbor Pacific sand lance (PSL, Ammodytes personatus), a critical forage fish of the region. Little is known of the dynamics of these sand waves and the stability of the PSL sub-tidal habitats. Therefore, we have undertaken an initial investigation to determine the dynamic conditions of a well-known PSL habitat in the San Juan Channel within the Archipelago using bottom sediment sampling, an acoustical doppler current profiling (ADCP) system, and multi-beam echo sounder (MBES) bathymetry. Our study indicates that the San Juan Channel sand wave field maintained its shape and bedforms geometry throughout the years it has been studied. Based on bed phase diagrams for channelized bedforms, the sand waves appear to be in a dynamic equilibrium condition. Sea level rise may change the current regime within the Archipelago and may alter some of the deep-water or sub-tidal PSL habitats mapped there. Our findings have global significance in that these dynamic bedforms that harbor PSL and sand-eels elsewhere along the west coast of North America and in the North Sea may also be in a marginally dynamic equilibrium condition and may be prone to alteration by sea level rise, indicating an urgency in locating and investigating these habitats in order to sustain the forage fish.
Introduction
This study investigates the characteristics and mobility of large sand waves located in the central part of the San Juan Channel of the San Juan Archipelago, Washington, USA (Figure 1 ), here called "The San Juan Channel sand wave field". These sand waves have heights of 1 to 4 m and wavelengths from 10 to 100 m. This work is part of a larger multi-disciplinary investigation of deep-water sandy habitats for Pacific sand lance (Ammodytes personatus, formerly identified as A. hexapterus), an important forage fish for larger fish including salmon, mammals, and birds in the Pacific Northwest. Sand wave fields of all sizes are potential sub-tidal habitats for this species within the Salish Sea as well as on the continental shelves of northwestern North America. The Pacific sand lance (PSL) is found along the coastal North Pacific Ocean from northwestern California to northern Japan, and is one of six species in the genus Ammodytes [1, 2] . Although PSL are a key component in the marine food web, little is known of this species' sub-tidal habitats. Their burrowing behavior, recruitment rates and conditions, relative abundance and distribution, population structure, local spawning habits, and spawning and burial substrates have been studied [1, 3, 4] . Previous work on PSL biology and habitat associations has focused on the near-shore and shallow sub-tidal areas [5] [6] [7] . It has recently been shown that predominant and important habitats exist in deeper sub-tidal and deep-water environments [8] . The Pacific sand lance (PSL) is found along the coastal North Pacific Ocean from northwestern California to northern Japan, and is one of six species in the genus Ammodytes [1, 2] . Although PSL are a key component in the marine food web, little is known of this species' sub-tidal habitats. Their burrowing behavior, recruitment rates and conditions, relative abundance and distribution, population structure, local spawning habits, and spawning and burial substrates have been studied [1, 3, 4] . Previous work on PSL biology and habitat associations has focused on the near-shore and shallow sub-tidal areas [5] [6] [7] . It has recently been shown that predominant and important habitats exist in deeper sub-tidal and deep-water environments [8] .
Previous Work
Studies of the lesser sand-eel (A. marinus) in the North Sea show that like PSL sand-eels are closely associated with sandy substrate [9, 10] where they were reportedly found to inhabit turbulent sandy areas along the edges of sand banks. In their study of the sand-eel fisheries in the North Sea, Wright and others [11] confirmed from their modeling that sand-eels are found at water depths between 30 m and 70 m, consistent with the recorded depth distribution based on the sand-eel fisheries and that the fish preferred sandy substrate. From their studies Wright and others [11] concluded that inferences about the distribution and quality of A. marinus habitats in the North Sea could be obtained from knowledge of the sediment fraction and depth, factors they believed to limit their distribution. These authors recommended that further studies of sediment permeability and the relation between ripple geometry and water percolation might help better characterize sand-eel habitat preferences.
Freeman and others [12] used QTC VIEW™ with a single beam sonar system to determine acoustic changes in the seabed where sand-eel were reported to concentrate in the North Sea. These authors, following up on the work of Wright [13] , who noted that differences in bottom current velocities contributed to sand-eel concentrations with high densities occurring at sites affected by high tidal velocities, found that current formed features were attractive to sand-eels. They suggested that current direction may be an environmental mechanism influencing the dynamics of sand-eel patches and suggested buried sand-eel form patches in the sediment that lie in the same direction as prevailing tidal currents [12] .
Holland and others [14] used the RoxAnn© classification using a single beam sonar to develop a stratified random grab sampling survey in the North Sea based on a sediment map constructed from RoxAnn. Their study was undertaken because they had determined that grab sample stations must be specifically targeted so that adequate numbers of fish are collected, and that based on the work of Greenstreet and others [15] field data did not define sand-eel habitat in sufficient detail to provide an adequate basis for a useful grab survey design with habitat mapping. Therefore, Holland and others [14] concluded that when combined with seabed habitat mapping grab sampling can be directed to those areas where sand-eel habitat is located.
Objectives
Although much work has been done in relation to deep-water habitat characterization of sand-eel and shallow water habitat characterization of PSL, a better understanding of habitat parameters and controlling processes are needed to better constrain potential habitats. Our focus, therefore, is on deep-water (sub-tidal) habitats of dynamic sediment wave fields with bedforms that harbor dense concentrations of PSL. Since these bedforms appear to be essential habitats for the PSL, their presence and stability is critical to understanding PSL distribution and abundance patterns. The goal of this study is to investigate the physical seafloor processes that form and maintain sand wave fields as a precursor to future habitat association studies on PSL. We address the concerns and recommendations of previous investigators in the study of tidal velocities, direction and relationship to grain sizes.
Deposits of clean sand at water depths where PSL reside in sub-tidal environments (typically <100 m) are common where relatively strong currents sweep the sea floor. To maintain such clean deposits a plentiful sand supply and strong near-bottom currents appear necessary as observed by Wright and others [11] in their study of sand ripples in the North Sea, which are associated with maximum current flows of 1 m s −1 [16] . Finer sediment might transit through the area, while coarser sediment might be present as a lag. Bedform fields consisting of ripples, waves, and dunes are common in deep channel areas of the Salish Sea, and several fields have been mapped within the San Juan Archipelago [8, 17] . The Sand Juan Channel sand wave field ( Figure 2 ) was studied extensively by Greene and others [8] and was found to be a productive PSL habitat [18] . The sand-wave field is delimited by distinct boundaries where the sand waves are in sharp contact with a relatively featureless surrounding sea floor. Such abrupt seabed transitions have been reported in other nearby sand wave fields [17] . The San Juan Channel sand wave field covers an area of approximately 600,000 m 2 at water depths of 20 to 80 m ( Figure 2 ). During 2004 a Washington Department of Fish and Wildlife (WDFG) remotely operated vehicle (ROV) video survey at this location found that PSL were burrowing and emerging from the sediment [8] . In October 2006 and 2008, PSL were again discovered in the sand waves, and the fish and bottom sediment were sampled with a small Peterson grab sampler. The significance of the sediment wave field as a PSL habitat was shown by the work of Blain [18] , who collected over 42 Van Veen sediment grab samples, which contained an average of 10.0 individuals/grab. Blain [18] estimated that the local PSL population consisted of over 63 million fish. Every year since 2008 students of Friday Harbor Laboratories, University of Washington, have sampled PSL in this sand wave field (e.g., [19] [20] [21] ). The San Juan Channel sand wave field covers an area of approximately 600,000 m 2 at water depths of 20 to 80 m ( Figure 2 ). During 2004 a Washington Department of Fish and Wildlife (WDFG) remotely operated vehicle (ROV) video survey at this location found that PSL were burrowing and emerging from the sediment [8] . In October 2006 and 2008, PSL were again discovered in the sand waves, and the fish and bottom sediment were sampled with a small Peterson grab sampler. The significance of the sediment wave field as a PSL habitat was shown by the work of Blain [18] , who collected over 42 Van Veen sediment grab samples, which contained an average of 10.0 individuals/grab. Blain [18] estimated that the local PSL population consisted of over 63 million fish. Every year since 2008 students of Friday Harbor Laboratories, University of Washington, have sampled PSL in this sand wave field (e.g., [19] [20] [21] ).
Assuming that the San Juan Channel sediment wave field, a tidally shaped field of dynamic bedforms, is a typical PSL habitat, we set out to investigate the processes that shape it to better identify potential habitats. Therefore, our objectives are to determine the seafloor processes that form the sand wave field, its study ripple orientations in relation to sediment permeability, to document that PSL, like sand stability, and source of sand. Our intent is to address the recommendations of Wright and others [11] to -eel, concentrate in high tidal flow areas as proposed by Freeman and others [12] , and to improve the grab sampling success of potential habitats as discussed by Holland and others [14] , therefore, to determine the physical characteristics of PSL deep-water habitats.
Background
During the past decade, studies of marine sand waves in coastal and estuarine environments have been aided by detailed MBES bathymetric and backscatter data. Barnard and others [22] mapped bedforms in San Francisco Bay, California using repeated MBES surveys, and estimated sand wave migration rates and bed-load transport patterns. Barnard and others [22] summarized previous mapping and analytical studies of sand wave dynamics in other coastal regions, and provided a comprehensive analysis of sand wave patterns and movement in San Francisco Bay based on over 3000 sand waves. They applied a technique to estimate sand wave migration rates using bedform asymmetry that was formulated for sand waves off the Dutch coast by Knappen [23] . This same technique is used in this study to estimate movement of the larger sand waves in the San Juan Channel sand wave field.
It is widely accepted that bed form size and type (ripples, megaripples, dunes, sand waves; e.g., [24] are controlled largely by sediment grain size, current velocity, and water depth [25, 26] . The practical issues of mixed bed grain size distributions, spatially variable physical bottom roughness, and time-dependent current velocities (e.g., tidal flows) complicate these linkages. The sand waves considered here are described using bed phase diagrams developed for tidally controlled bedforms in San Francisco Bay where water depths are similar [27] .
Geologic Setting
The San Juan Archipelago-Georgia Basin region of the central Salish Sea is an active tectonic province whose physiography and geomorphology reflect both Mesozoic to Cenozoic convergence (subduction/accretion) plate tectonic processes and Pleistocene glaciation (glacial scouring/deposition). These processes have juxtaposed and deformed Jurassic-Cretaceous metamorphic rocks with Tertiary-Quaternary sedimentary rocks producing a complex of fjords, grooved and polished bedrock outcrops, erratic boulder concentrations, and moraines [28] . Banks of till and glacial advance outwash deposits also have formed and contribute to the variety of relief and substrate within the region [29] . Present day tidal action has fashioned much of the relic glacial-marine sediments into dynamic bedforms within interisland channels, consisting of sand and gravel waves and dune fields. Locally modern day sedimentary deposits overprint the relic deposits as sand and mud banks and represent materials being supplied to the region by the Fraser River of British Columbia, Canada.
The stability and persistence of the larger sandy bedforms are important factors for the preservation of the PSL deep-water habitats. The surfaces of these sand deposits contain multiple scales of bedforms from ripples to large sand waves and are thought to have originally been formed and shaped during the Holocene, subsequent to the last glacial retreat from the region [29] . The complex action of surface waves and strong tidal currents, particularly during lower sea level, transported mobile sand from coastal and shallow island margins into adjacent deeper channel floors, forming the discrete sand bodies. Presently, the isolated sand deposits are situated in water depths from about 20 to 100 m in many of the inter-island channels where current patterns are complex. The sand deposits rest unconformably on a rugged surface composed of coarse glacial till, often in the current shadow of seafloor rock outcrops, and the boundaries between the till and sand bodies have sharply defined, abrupt contacts [29] .
Methods
In this study, geomorphic and textural characteristics of the San Juan Channel sand wave field were investigated using detailed multi-beam echo sounder (MBES) bathymetric data, bottom samples, bottom camera and underwater video surveys, and a shipboard acoustic doppler current profiling (ADCP) system.
A sequence of four one-day research cruises was undertaken specifically for this study during 2010 to 2013. Regional MBES surveys that included San Juan Channel were conducted earlier [8, 30] . Bottom sediment samples, video-transect images, and underwater sediment camera photographs were obtained during the various cruises within the San Juan Channel on two research vessels (R/V Centennial and Tombolo). Current profiling transects within the sand wave field were carried out with an ADCP mounted on University of Washington Friday Harbor Labs' R/V Centennial. The ADCP current profiles were collected only during flood tidal flow, but measurements during ebb currents within the San Juan Channel sand wave field had been collected previously by Ewing [21] , whose data were used in our analyses.
Marine Geophysical Data
Marine geophysical survey data, primarily wide swath MBES bathymetry and backscatter acquired in cooperation with the Geological Survey of Canada, Canadian Hydrographic Service, Center for Habitat Studies, Moss Landing Marine Labs, and Tombolo/Sea Doc Society, and collected in the Northwest Straits region of the Salish Sea (southern Gulf Islands and the San Juan Archipelago) were used to produce seafloor images of the sediment wave field for this investigation. These data, along with side-scan sonar mosaics and 3.5 kHz sub-bottom seismic-reflection profiles were used to produce habitat types after Greene [31] , which were published in a marine benthic habitat map series [30] . Interpretation of these data was used to characterize our study area, and to identify and map dynamic bedforms and other sand wave fields in the region for future sampling.
The MBES surveys were conducted in the San Juan Channel sand wave field originally imaged in 2004 with repeat surveys in 2006 and 2007 with the Canadian Coast Guard launch Otter Bay using a Simrad EM 3000-3002™ (300 kHz) system The objective of these multiple surveys were to estimate changes in the sand wave field bedforms morphologies and to determine if sediment transport across the field is active.
Seafloor Photographs
We used the USGS sediment grain or "eyeball" camera aboard the RV Tombolo to take close-up high-resolution photographs of the bottom sediment. These images were used to calculate median grain size based on the work of Rubin [32] . One advantage of the eyeball camera is that extensive coverage can be obtained across the seafloor (approximately 6 images/minute). These camera transects were useful for observing the bottom sediment characteristics, and for making numerous estimates of sediment grain size and its areal variation. The locations of the eyeball camera photo shots obtained along the camera transect and sediment sample stations are shown in Figure 3 . No layback calculations were made as transects were undertaken during slack water and the camera tether was near vertical for most of the photographic runs. Therefore, positioning of the vessel was used to plot the locations within a range of ±23 m (~2.5 times boat length). Precise locations of the photographs were made by identifying the sand wave morphology (crest or trough) in the photos with the position of the boat. Two eyeball photographs and their locations, one in a sand-wave trough and the other close to the adjacent crest, are shown in Figure 4a -c. Additional data on sediment type and morphology were obtained using a USGS bottom video camera system. The mean sediment size obtained by analysis of the image in Figure 4b near a sand wave crest was 0.5 mm. Much of the surficial bottom sediment in the sand wave troughs consists of large, poorly sorted fragments of coarse shell hash (Figure 4c ). 
Sediment Sampling and Laboratory Analysis
Grain-size distribution was determined for 79 sediment samples from the San Juan Channel sand wave field, a bedforms feature we consider typical of PSL deep-water habitat, in water depths of 20 to 80 m (Figures 2 and 3 ). The samples were collected with a Van Veen grab during seven cruises in 2010 and 2011. All but 9 samples were collected during daylight hours. After drying samples in an oven, grain size was measured with a series of sieves 2, 1, 0.5, 0.25, 0.125, 0.063 mm in sizes; phi [φ] scale sizes from −1 to 4; Wentworth [33] using a Ro-Tap™ machine operated for a period of 15 minutes per sample. Material finer than 0.063 mm (4φ) was retained and included collectively as the "fine fraction", and material resting on the 2.0 mm (−1φ) screen, which could include grains up to a few centimeters diameter, as the "coarse fraction."
The location, water depth, number of fish captured, mean grain size, and statistical parameters at each sampling station are shown in Table 1 and the sample locations are shown in map view ( Figure 3 ). For brevity we report grain size in mm in the remainder of this paper.
Our sediment analyses are compared with that of Blaine [18] to determine if any significant change, both in grain sizes and fish population, has occurred in the sediment wave field since the earlier study of Blaine [18] . Samples from both studies were collected throughout the sediment wave field, as well as outside of the field in identical manner using the same bottom sampler with grain size analyses made using a Rho-Tap measuring machine including identical screens and calculations for the measurements. 
Current Profiles
Seven ADCP current transects including four N-S and three E-W runs within the sand wave field were made in July 2012 on R/V Centennial ( Table 2) . The profiles were all obtained during flood current as shown on the tidal height curve in Figure 5 . 
Seven ADCP current transects including four N-S and three E-W runs within the sand wave field were made in July 2012 on R/V Centennial ( Table 2) . The profiles were all obtained during flood current as shown on the tidal height curve in Figure 5 . A summary of the depth-averaged current speeds and directions for each transect along with the speeds at the deepest reliable measurement in the profiles are shown in Table 2 . Bottom current speeds exceeded depth averaged speeds in four of the seven profiles, indicating that the surface current speeds for these profiles were relatively lower than at the bottom. One N-S oriented current A summary of the depth-averaged current speeds and directions for each transect along with the speeds at the deepest reliable measurement in the profiles are shown in Table 2 . Bottom current speeds exceeded depth averaged speeds in four of the seven profiles, indicating that the surface current speeds for these profiles were relatively lower than at the bottom. One N-S oriented current transect is plotted in Figure 6 . Both surface and bottom currents were directed northward along the entire run. Maximum bottom current speed for this transect was 75 cm/s.
transect is plotted in Figure 6 . The three E-W oriented ADCP current transects had interesting spatial variability in bottom current directions. Bottom currents were directed toward the sand body on either side. This convergence toward the sand body might suggest a means to keep the boundaries of the sand sharply defined (i.e., sand transport has a convergent component toward the feature). Of course, given the limited data set, this idea needs further study. From the current profile data bed load transport was calculated using bed load equations of Van Rijin [34] . Estimates of transport were made for sediment sizes of 0.5 mm and 2 mm, characteristic sizes for bed sediment along the crests and troughs, respectively, of the large sand waves.
To estimate potential migration of the sand waves, we calculated their asymmetry and used the technique of Knaapen [23] . The migration rate C of sand waves was found by Knaapen [23] to be related to bedform asymmetry A, wavelength L, and sand-wave height H. This empirical relationship was developed and validated using 12 different sites in the North Sea where repeated MBES surveys were completed [23] . The technique has been applied in other geographic areas with tidal sand waves [22, 23] .
Results
The seafloor map of the San Juan Channel sand wave field derived from MBES bathymetric data reveals multiple scales of bedforms ( Figure 7) . Large sand waves with heights H = 1 to 4 m and wavelengths L = 20 to 100 m have two distinct crest orientations, possibly related to steering by ebb and flood tidal currents influenced by the irregular rocky inland sea morphology. One set of sand waves oriented about 30 degrees counterclockwise from North appears to have longer crests and The three E-W oriented ADCP current transects had interesting spatial variability in bottom current directions. Bottom currents were directed toward the sand body on either side. This convergence toward the sand body might suggest a means to keep the boundaries of the sand sharply defined (i.e., sand transport has a convergent component toward the feature). Of course, given the limited data set, this idea needs further study. From the current profile data bed load transport was calculated using bed load equations of Van Rijin [34] . Estimates of transport were made for sediment sizes of 0.5 mm and 2 mm, characteristic sizes for bed sediment along the crests and troughs, respectively, of the large sand waves.
The seafloor map of the San Juan Channel sand wave field derived from MBES bathymetric data reveals multiple scales of bedforms ( Figure 7) . Large sand waves with heights H = 1 to 4 m and wavelengths L = 20 to 100 m have two distinct crest orientations, possibly related to steering by ebb and flood tidal currents influenced by the irregular rocky inland sea morphology. One set of sand waves oriented about 30 degrees counterclockwise from North appears to have longer crests and longer wavelengths than the more E-W set ( Figure 7 ). Smaller megaripples and sand waves occur along the edges of the sand body. An enlargement of the sand wave field also shows smallto medium-scale sand waves (1 to 2 m wavelengths) between some of the larger waves, with crest orientations approximately E-W (Figure 7) . In general, the large sand waves are nearly straight-crested and two-dimensional. Some bifurcations of the crest lines can be observed. Notice that some of the sand waves are contiguous with one another, with the lee side of one wave encroaching on the stoss side of the adjacent one, whereas others are separated by rippled flat areas that appear to be the glacial rubble surface upon which the waves were constructed (Figure 7 ).
Geosciences 2017, 7, 107 13 of 23 longer wavelengths than the more E-W set ( Figure 7 ). Smaller megaripples and sand waves occur along the edges of the sand body. An enlargement of the sand wave field also shows small-to medium-scale sand waves (1 to 2 m wavelengths) between some of the larger waves, with crest orientations approximately E-W ( Figure 7 ). In general, the large sand waves are nearly straightcrested and two-dimensional. Some bifurcations of the crest lines can be observed. Notice that some of the sand waves are contiguous with one another, with the lee side of one wave encroaching on the stoss side of the adjacent one, whereas others are separated by rippled flat areas that appear to be the glacial rubble surface upon which the waves were constructed (Figure 7 ). 
Sediment Analyses
Grain size analyses previously made by Blaine [18] were repeated from samples collected during this study (Figure 8) , confirming that the mean grain size within the San Juan Channel sand wave field is 0.5 mm with a fairly constrained range of 2 mm to 0.125 mm. The sea-floor photographs show that grains on the crests of sand waves have a median size of 0.5 mm (Figure 4b ), which is significantly finer than in the troughs, where the median is 2.0 mm (Figure 4c) . Also, irregularly shaped shell-like debris is common in the troughs. However, in areas where mean grain size is near 0.5 mm in the larger amplitude sand waves, a greater number of fish were captured ( Figure 9 , Table 1 ). The fish appear to generally concentrate in grain sizes that range between 0.25 to 0.71 mm with the highest number of fish (from 30 to 62 per sample) collected in sediment samples with mean grain sizes of approximately 0.35 to 0.5 mm. These results are consistent with that found by Blain [18] . 
Grain size analyses previously made by Blaine [18] were repeated from samples collected during this study (Figure 8) , confirming that the mean grain size within the San Juan Channel sand wave field is 0.5 mm with a fairly constrained range of 2 mm to 0.125 mm. The sea-floor photographs show that grains on the crests of sand waves have a median size of 0.5 mm (Figure 4b ), which is significantly finer than in the troughs, where the median is 2.0 mm (Figure 4c) . Also, irregularly shaped shell-like debris is common in the troughs. However, in areas where mean grain size is near 0.5 mm in the larger amplitude sand waves, a greater number of fish were captured ( Figure 9 , Table 1 ). The fish appear to generally concentrate in grain sizes that range between 0.25 to 0.71 mm with the highest number of fish (from 30 to 62 per sample) collected in sediment samples with mean grain sizes of approximately 0.35 to 0.5 mm. These results are consistent with that found by Blain [18] . The photos show loosely consolidated, well sorted, poorly packed sub-rounded to sub-angular grains separated by porous i))nterstices. The apparent good porosity of the sediment facilitates aeration that attracts large concentrations of PSL. The photos show loosely consolidated, well sorted, poorly packed sub-rounded to sub-angular grains separated by porous i))nterstices. The apparent good porosity of the sediment facilitates aeration that attracts large concentrations of PSL. The photos show loosely consolidated, well sorted, poorly packed sub-rounded to sub-angular grains separated by porous i))nterstices. The apparent good porosity of the sediment facilitates aeration that attracts large concentrations of PSL.
Sand Transport and Bedform Migration
Bedload transport estimates q b are plotted in Figure 10 
Bedload transport estimates qb are plotted in Figure 10 against bottom shear velocities, u*b the two dominant bottom sediment sizes. The coarser sediment (1-2 mm) has rather low transp rates (<1 kg/m/s) for u*b < 0.1 m/s. However, the finer sand (0.5 mm) that was sampled along the flan and crests of the large sand waves is more mobile at intermediate bottom stresses. For example, at = 0.08 m/s, qb = 2 kg/m/s. Assuming a conservative value of u*b = 0.05 m/s for tidal currents, based on converting dep averaged current speeds in Table 2 to bottom shear in tidal flow over a rough bed [3 an estimate of sand wave migration can be made [36] .
V is bedform migration speed, ρb sediment bulk density, and H is bed-form height. Using Equation (1) for quartz sand (our visual inspection indicates that the sand is arkos quartz-rich), a sand wave with H = 3 m would migrate about 0.15 m/h. Since San Juan Channel tid are mixed, tidal current reversals occur nearly every six hours. Also, the limited current profile da from this study, and from that of Ewing's [21] suggest that ebb and flood currents are of simi magnitudes (with flood slightly higher in the limited measurements). These results indicate that t large sand waves would have a small net northward migration (<0.15 m/h.) suggesting that no lar supply of sediment is necessary to maintain the field and the field is primarily composed of re glacial deposits. Because of the limited data and lacking time-series measurements of currents clos Assuming a conservative value of u* b = 0.05 m/s for tidal currents, based on converting depth-averaged current speeds in Table 2 to bottom shear in tidal flow over a rough bed [35] , an estimate of sand wave migration can be made [36] .
V is bedform migration speed, ρ b sediment bulk density, and H is bed-form height. Using Equation (1) for quartz sand (our visual inspection indicates that the sand is arkosic, quartz-rich), a sand wave with H = 3 m would migrate about 0.15 m/h. Since San Juan Channel tides are mixed, tidal current reversals occur nearly every six hours. Also, the limited current profile data from this study, and from that of Ewing's [21] suggest that ebb and flood currents are of similar magnitudes (with flood slightly higher in the limited measurements). These results indicate that the large sand waves would have a small net northward migration (<0.15 m/h.) suggesting that no large supply of sediment is necessary to maintain the field and the field is primarily composed of relic glacial deposits. Because of the limited data and lacking time-series measurements of currents closer to the seabed, this result is only suggestive of small to nil sand wave migration.
Sand Wave Asymmetry
The sand waves in the San Juan Channel sand wave field can be grouped into two classes (zones) based on size and shape. Nearly symmetric smaller sand waves were found toward the shallower parts of the sand body (Figures 11 and 12 ). These sand waves in zone 1 to 2 appear sharp and well defined with slightly steeper flanks facing north (Figure 12 ). The sand wave heights are 1 to 2 m, and wavelengths 30 to 40 m. The sand waves in the deeper section of the sand body in zone 3 to 4 are larger and appear more irregular. The overall impression based on shape and water depth is that these deeper bedforms are inactive and possibly relict from a time of lower sea level. This appears to be consistent with multiple years of MBES surveys over the sediment wave field that suggests little or no change in sediment wave morphology or overall configuration of the sand body (Figure 11 ). 
The sand waves in the San Juan Channel sand wave field can be grouped into two classes (zones) based on size and shape. Nearly symmetric smaller sand waves were found toward the shallower parts of the sand body (Figures 11 and 12 ). These sand waves in zone 1 to 2 appear sharp and well defined with slightly steeper flanks facing north (Figure 12 ). The sand wave heights are 1 to 2 m, and wavelengths 30 to 40 m. The sand waves in the deeper section of the sand body in zone 3 to 4 are larger and appear more irregular. The overall impression based on shape and water depth is that these deeper bedforms are inactive and possibly relict from a time of lower sea level. This appears to be consistent with multiple years of MBES surveys over the sediment wave field that suggests little or no change in sediment wave morphology or overall configuration of the sand body (Figure 11 ). Figure 12 summarizes the results for sand wave migration in the central San Juan Channel using the most recent MBES survey data. Sand waves are predicted to migrate at low rates for all classes (<6 cm/year). This low rate agrees qualitatively with the estimates based on sediment transport calculations (Table 3) . 
Bed Phase Diagrams
Current, grain size, and water depth data collected during this study were plotted on bed phase diagrams that had been developed for San Francisco Bay [27] . The results shown in Figure 13 include samples from water depths of 20 to 80 m within the sand wave field in the central San Juan Channel. Depth averaged current speeds ranged from 40 to 80 cm/s ( Table 2 ). The sediment sizes that were used to develop the two bed phase diagrams for San Francisco Bay include the two major bottom sediment size classes for the central San Juan Channel sand wave field (0.5 and 2.0 mm). Figure 12 summarizes the results for sand wave migration in the central San Juan Channel using the most recent MBES survey data. Sand waves are predicted to migrate at low rates for all classes (<6 cm/year). This low rate agrees qualitatively with the estimates based on sediment transport calculations (Table 3) . 
Current, grain size, and water depth data collected during this study were plotted on bed phase diagrams that had been developed for San Francisco Bay [27] . The results shown in Figure 13 include samples from water depths of 20 to 80 m within the sand wave field in the central San Juan Channel. Depth averaged current speeds ranged from 40 to 80 cm/s ( Table 2 ). The sediment sizes that were used to develop the two bed phase diagrams for San Francisco Bay include the two major bottom sediment size classes for the central San Juan Channel sand wave field (0.5 and 2.0 mm). Figure 13 . San Francisco Bay bed-phase observations were combined with those of Southard [25] , Boothroyd and Hubbard [37] , and Dalrymple and others [26] , and a single set of bed-phase boundaries was drawn from the combined data. Modfied after Rubin and McCullock [27] .
The plots show that the size-depth-speed data from the San Juan Channel sand wave field fall into the sand wave portion of the diagrams. However, for the highest current speeds the data fall close to (or at) the upper plane bed zone. If depth-averaged currents increase beyond the maximum measured depth-averaged speeds the stability of the sand waves might decrease, leading to significant change to the sandy habitat.
Discussion
Several studies of PSL and sand-eel habitats show that these fish prefer sand habitats consisting of medium-to coarse-grained sand of 0.25 to 1 mm in size [8, 11, 14, 18, 38] , and our results show that PSL select bottom sediment between 0.25 to 0.71 mm in the San Juan Channel sand wave field. Experimental studies (e.g., [38, 39] ) also show that PSL prefer this range of sediment grain sizes. Furthermore, our results and others (as cited above) show an absence of PSL if the sediment contains more than a few percent (~5%) of fines (fine sand + silt + clay-size material; Figure 14) . The preferred sediment is clean, unconsolidated sand that can be easily penetrated, and has an adequate and readily replenished supply of oxygen [5, 11, 14, 39] . If fines such as muds are present, even in small amounts, the gills of the fish can be clogged [39] and the pores of the sediment filled, reducing permeability. [27] whose observations were combined with those of Southard [25] , Boothroyd and Hubbard [37] , and Dalrymple and others [26] . Black boxes are for data collected by this study in the San Juan Channel.
The plots show that the size-depth-speed data from the San Juan Channel sand wave field fall into the ripples-sand wave portion of the diagrams. If depth-averaged currents increase substantially beyond the maximum measured depth-averaged speeds the stability of the sand waves might decrease, leading to significant change to the sandy habitat.
Several studies of PSL and sand-eel habitats show that these fish prefer sand habitats consisting of medium-to coarse-grained sand of 0.25 to 1 mm in size [8, 11, 14, 18, 38] , and our results show that PSL select bottom sediment between 0.25 to 0.71 mm in the San Juan Channel sand wave field. Experimental studies (e.g., [38, 39] ) also show that PSL prefer this range of sediment grain sizes. Furthermore, our results and others (as cited above) show an absence of PSL if the sediment contains more than a few percent (~5%) of fines (fine sand + silt + clay-size material; Figure 14) . The preferred sediment is clean, unconsolidated sand that can be easily penetrated, and has an adequate and readily replenished supply of oxygen [5, 11, 14, 39] . If fines such as muds are present, even in small amounts, the gills of the fish can be clogged [39] and the pores of the sediment filled, reducing permeability. Our results are consistent with that found by Blaine [18] indicating that the San Juan Channel sand wave field is not significantly altered through time. In addition, the field appears to be consistently attractive to the concentration of PSL, as generally no large changes in density of fish have occurred in the past 10 years of study.
Currents were previously measured during ebb tide in the same area, and were found to have velocities similar to those shown here for flood currents [21] . The ebb current profiles were taken with the same ADCP system during November 2011, and cross-sections of currents showed bottom current speeds as high as 70 cm/s [21] .
The large sand waves in the central San Juan Channel sand wave field likely have low to nil net migration at present time, based on two independent estimates (i.e., sediment transport calculations and bedform asymmetry). This is further supported based on observations of the resultant bed phase diagrams that relate bottom sediment size, water depth, and depth-averaged current speed to bed phase, indicating that the sand wave field in the central San Juan Channel is stable. However, at higher current speeds the sand waves could be eroded, and the sand body geometry changed to planar bed.
As sea level rises, the volume of tidal flows through the straits at the northern and southern ends of the San Juan Channel might produce higher currents within the channel and on the seafloor. These higher currents could lead to erosion and loss of sand (to upper planar bed) in the channel, and endanger the sub-tidal habitats for PSL.
The strong ebb and flood flow currents appear to generate and maintain sand wave fields with sharp, well-defined boundaries as illustrated in the San Juan Channel sand wave field and other fields such as found off Ice Berg Point of southern Lopez Island and offshore of northern Sucia Island [8] from which we have collected PSL. In contrast to the study of Wright [11] on North Sea sand-eels, we found no evidence that an abundant supply of sand was necessary for maintaining well-aerated sediment for the occupation of PSL. However, similar to the studies of Mercer [9] , Meyer [40] , and Pinto [39] that found that ripples within the sand field were tangential to the tidal stream and tended to be symmetrical indicating bedforms produced by oscillatory flow, we too found that tidal oscillatory motion produced small scale symmetrical bedforms in the San Juan Channel sand wave field.
No evidence for net sediment transport was found, and we propose that the sand wave field is composed of glacially-derived sediment winnowed through strong current flow, which leaves a wellsorted sand lag deposit that continues to be well-aerated through tidal oscillatory flow. Wright [11] found that sediment permeability in addition to ripple geometry and water percolation better characterized sandeel habitat preferences. Based on eyeball camera data we found that the most Our results are consistent with that found by Blaine [18] indicating that the San Juan Channel sand wave field is not significantly altered through time. In addition, the field appears to be consistently attractive to the concentration of PSL, as generally no large changes in density of fish have occurred in the past 10 years of study.
The large sand waves in the central San Juan Channel sand wave field likely have low to nil net migration at present time, based on two independent estimates (i.e., sediment transport calculations and bedform asymmetry). This is further supported based on observations of the resultant bed phase diagrams that relate bottom sediment size, water depth, and depth-averaged current speed to bed phase, indicating that the sand wave field in the central San Juan Channel is stable. However, at substantially higher current speeds the sand waves could be eroded, and the sand body geometry changed to planar bed.
No evidence for net sediment transport was found, and we propose that the sand wave field is composed of glacially-derived sediment winnowed through strong current flow, which leaves a well-sorted sand lag deposit that continues to be well-aerated through tidal oscillatory flow. Wright [11] found that sediment permeability in addition to ripple geometry and water percolation better characterized sandeel habitat preferences. Based on eyeball camera data we found that the most desirable sediment characteristics preferred by PSL are concentrated near the crests of the sand waves, which are regularly refreshed by the strong tidal flows.
Conclusions
The central San Juan Channel sediment wave field represents an extensive sub-tidal (deep water) habitat feature for PSL, an important forage fish in the Salish Sea. This field contains bedforms with wavelengths up to 100 m and heights of approximately 1 to 4 m within its central area. Smaller sand waves and megaripples are superimposed upon the large sand waves and fringe the sharp edges of the field. Furthermore, two major crest orientations were detected, one with nearly E-W (~280 • or W10 • N) trend and another with a NW-SE (~315 • or W45 • N) trend (Figure 7 ). We used a unique shipboard digital underwater camera (referred to as the "eyeball" camera) to take close-up high-resolution photographs of the seafloor that enabled calculation of median grain sizes [27] and facilitated the observations of consolidation, packing, lithology, and interstitial spaces of the sand waves. Two of these photographs, one located in a sand-wave crest and the other on the adjacent trough (Figure 4b,c) show that the grain size at the crest of a wave is significantly finer (median sand~0.5 mm diameter) than that in the trough (~2.0 mm median diameter). In addition, the eyeball camera data show finer, better-sorted sediment on the flanks and crests of the larger sand waves. Furthermore, biogenic shell material dominates in the troughs whereas siliciclastic grains dominate on the flanks and crests, thus we can determine the position on a waveform (crest or trough) from which a sample was taken. We used these grain sizes to evaluate the stability of the sand wave field and validate PSL occupancy. Our results suggest that the field is stable, suggesting that other dynamic bedforms exhibiting similar characteristics need to be identified to conserve and sustain these critical forage fish habitats.
It is important to note that sediment grain size is not the only control on the presence/absence of fish in grab samples. For instance, PSL abundance within the sand field varies with time of day, season, and year, irrespective of the suitability of the sediment texture (temporal control). Chemical contamination (e.g., petroleum) and presence of certain seafloor flora (e.g., eelgrass) are other documented potential controls [5, 39] . For example, in their North Sea studies on sand-eels Holland and others [14] discuss how grab samples without fish can be portioned into two groups: (1) unsuitable habitat, and (2) suitable habitat but unoccupied by fish. These authors go on to state that only "(2)" should be considered in measuring mean density of fish, and the estimate obtained is the estimate of fish density in suitable habitat. When combined with seabed habitat mapping grab sampling can be directed to those areas where fish habitats are located [14] . Therefore, our study of bedform morphology and processes forming these bedforms is useful in identifying areas where fish might be located and sampled.
Although we focus on sediment size and transport mechanisms to determine the stability of the sand wave field, we realize that other factors such as nutrient supply, temperature and tidal flow also play a role in PSL survival.
Additionally, using median grain size alone to identify sand lance presence or absence can be misleading. For example, examination of Table 1 shows that several samples that did not capture fish have a mean grain size that falls within the range of medium to coarse-grained sand, a range that includes all samples that contained fish. Thus, realizing that absence is never very strong evidence in itself, a clear distinction of sediment preference is not made. A justifiable conclusion would be that PSL were not present in some samples due to other reasons, such as the time of day when the samples were collected or simply out of population size/density dependence. Freeman and others [12] pointed out that in the North Sea other factors such as seawater temperature, physical conditions, and available food in the water column influence the emergence of fish from the sediment and thus may not be present at the time of sampling. However, Figure 14 better defines the sand-lance habitat by the absence or near-absence of fine-grained sediment. All samples that contained fish have less than 1.15% of grains finer than 0.25 mm.
Based on MBES surveys and sediment transport analyses using sediment size samples and ADCP surveys of the central San Juan Channel sand wave field we conclude that surficial sediment within the field are relic glacial materials that have been winnowed and molded into a dynamic bedforms from post-glacial tidal currents. It appears that the field is near stable and could be maintained for some time without significant sediment input. The two survey data sets (MBES and ACDP) compliment each other and indicate that little net sediment transport is taking place and that the larger bedforms are stable. The stability regime could be altered with sea level rise and increased tidal flows, but the reality and rate of such changes are not known. Other dynamic bedforms within the Salish Sea, as well as elsewhere where Ammodytes spp. are found, could be stable or marginally stable as well, and the potential effects of sea level rise may diminish this forage fish habitat in sand wave fields.
